NADH dehydrogenase is the first component of the respiratory chain. It transfers electrons from NADH to ubiquinone and concomitantly establishes a proton motive force across the membrane. Salmonella typhimurium mutants defective in this enzyme were isolated in a screen for strains with increased expression of 0-galactosidase from a hemA-lacZ protein fusion. This unexpected phenotype results from stabilization of the hybrid protein during carbon starvation and is apparently due to an energy requirement for proteolytic attack. Sequence analysis of DNA fragments cloned from an insertion mutant indicates that S. typhimurium has a large cluster of genes encoding the energy-conserving NADH dehydrogenase, similar to one recently described in Paracoccus denitrifwcans. These rmdings establish the potential for genetic analysis of a complex enzyme whose function, especially in proton efflux, is poorly understood.
Electrons generated in many different catabolic reactions are first transferred to NADH and then donated to ubiquinone by the enzyme NADH dehydrogenase of the respiratory chain, which links catabolism to energy production. NADH dehydrogenases fall into two distinct classes: complex enzymes such as those purified from eukaryotic mitochondria or Paracoccus denitrificans (1-3) and simple FAD-linked enzymes such as the ndh gene product ofEscherichia coli (4) (5) (6) (7) . Only the complex enzymes conserve energy by catalyzing proton efflux. The bovine energy-conserving (type I) NADH dehydrogenase has numerous subunits, with a total amino acid content greater than that of a prokaryotic ribosome (1) . Genetic studies of this enzyme have been difficult because of its many subunits, including seven of mitochondrial origin.
Oxidation of NADH can generate a proton motive force in E. coli, indicating the presence of a type I NADH dehydrogenase (8, 9) . Recently, the original ndh mutant ofE. coli was shown to carry a second, previously unrecognized mutation inactivating the type I enzyme (10) . A cluster including at least 14 'genes that encode subunits of a type I NADH dehydrogenase has been identified and sequenced in P. denitrificans (3, 11) , and a preliminary report suggests that E. coli has a similar locus (12) . The relevant genes have been termed nuo, for EADH:ubiquinone Qxidoreductase (10) .
We recovered Salmonella typhimurium nuo mutants defective in the type I NADH dehydrogenase in a screen for strains with increased expression of a hemA-lacZ protein fusion. The tions. This simple genetic screen should facilitate analysis of an enzyme whose function is central to energy transduction.* MATERIALS AND METHODS Bacteria and Phage. All S. typhimurium strains were derived from the wild-type strain LT-2, which does not carry the lac operon. The lac fusion strains were constructed as described previously and are carried on the S. typhimurium chromosome in single copy (13) . Both operon and protein fusion constructs extend from a BamHI site 731 bp upstream of the hemA AUG codon to codon 18 of hemA. The sequence of the protein fusion joint from codon 16 of hemA to codon 9 of lacZ is TCG CTG CGG AAT TCC GAT CCC GTC. The predicted N-terminal sequence of the hybrid protein is MIL LALGINHKTAPVSLRNSDPV; underlined amino acids are contributed by HemA. The Ion mutant strain was isolated by its mucoid phenotype and its identity was confirmed by PCR mapping and DNA sequencing (T.E., unpublished data).
Media and Growth Conditions. Standard media and genetic techniques were as described or referenced (13) (14) (15) . Indicator plates contained NCE medium (16) with 0.02% glucose, 50 ,ug/ml of 5-bromo-4-chloro-3-indolyl ,3D-galactopyranoside (X-Gal), and the appropriate antibiotic. The minimal medium used for liquid cultures (17) was supplemented with 10 mM NH4Cl. All cultures were grown at 37°C. Construction, use, and nomenclature of defective transposons used in this work were as described or referenced (15) .
Assay of f-Galactosidase. Cultures were grown in minimal medium with 2 mM glucose at 37°C with shaking, as described in Results. Portions of the culture were removed at various times and assays were performed as described (13, 18) .
Immunoprecipitation. Cultures were grown in minimal medium with 2 mM glucose at 37°C. Aliquots (5 ml) of the cultures were labeled with 0.5 mCi of [35S]methionine (Tran35S-label, ICN; about 1000 Ci/mmol; 1 Ci = 37 GBq); L-methionine was added to 0.05% for the chase. Samples were taken at various times as described in Results and analyzed (19) (Fig. 1B) showed a slight decrease at early times after starvation but the ,3-galactosidase activity remained relatively high even after many hours. Similar results were observed when extracts were prepared by sonication, except that the small decrease for nuo mutant strains was eliminated (C.D.A., unpublished data). In other experiments, the activity during exponential growth was shown to be the same in nuo mutants as in the nuo+ control. A starvation-induced decrease in ,3-galactosidase activity was not observed with a hemA-lac operon fusion (Fig. 1C) , and the behavior of an operon fusion strain carrying a nuo mutation was the same as in nuo+ (C.D.A., unpublished data). Finally, no effect ofcarbon starvation was observed in a nuo+ strain when the protein fusion was provided on a multicopy plasmid (Fig. 1D) . Genetics: Archer et al.
Genetics: Archer et al.
The S. typhimurium genes have been named nuo, following the terminology of Calhoun and Gennis (10) . In a central segment of the P. denitrificans cluster the gene order is NQ04-NQ02-NQOI-NQ03, including the NQOI gene encoding the NADH-binding subunit of NADH dehydrogenase. We have found S. typhimurium homologues for each of these subunits encoded in the same order in the Pst IHindIII fragment. The complete nuoE and nuoF genes are contained within the Pst 1-HindIII fragment, as are a C-terminal segment of nuoD and an N-terminal segment of nuoG. (The letters chosen for S. typhimurium genes correspond to the proposed E. coli nomenclature; K. Rudd, personal communication.)
The S. typhimurium nuoF gene probably encodes the NADH-binding subunit of NADH dehydrogenase, based on the homology of its predicted product not only to the P. denitrificans NQOI gene product but also to the bovine and Neurospora NADH-binding proteins (Fig. 3) . The predicted functions of various segments of NuoF homologues have been reviewed (1-3) . Ofparticular interest is the conservation of three segments of the protein with the following predicted functions: binding of NADH (NuoF residues 57-76), binding of the FMN cofactor (NuoF residues 174-193), and an Fe/S center (CGWCTP_CRDGX37C, NuoF residues 351-398). Similarly, three clusters of cysteine residues that are predicted to form Fe/S centers are conserved in NuoG (data not shown; sequence in GenBank, accession no. L22504). Analysis ofthe predicted protein sequences revealed that the P. denitrificans NQO proteins are more similar to their bovine and NeuroProc. Natl. Acad. Sci. USA 90 (1993) 9879 spora counterparts than are the corresponding S. typhimurium proteins. For example, NuoF has 43% identity with the bovine NADH-binding subunit, whereas NQO1 has 65% identity in a similar comparison (Fig. 3) . Preliminary results from analysis of cloned fragments flanking the sequenced region indicate that the region upstream of nuoDEFG includes S. typhimurium genes homologous to the NQ07-NQ06-NQ05 genes of P. denitrificans. PCR was used to map nuo insertions (T.E., unpublished data). Of those that have been physically located, the nuoD9: :TnJOd-Cam insertion that was cloned lies the farthest downstream. A number of insertions lie in genes upstream of nuoD-e.g., the TnlOd-Tet insertion in strain TE5076 has been assigned to nuoA. Genetic analysis indicates that other insertions, not yet accurately mapped, lie downstream of the sequenced region.
Map Position and Orientation of the nuo Genes. A 3469-bp Bgl II-HindIlI fragment of the cloned nuo segment was used to probe phage from the Kohara A library ofE. coli (22) as well as Southern blots of genomic DNA digests from E. coli W3110 (C.D.A. and T.E., unpublished data). The nuo probe hybridized to phages 4C8 (402) and E9B9 (403), and analysis of the genomic hybridization patterns indicates that the probe corresponds to a segment from 2410 to 2414.5 kbp of the Kohara map (22, 23) . This map position (49.3 min in E. coli, =46 min in S. typhimurium) is -consistent with genetic mapping by phage P22 transduction placing nuo insertions between menB and ack-pta. The map position was also confirmed by the DNA sequence of a region located 4.5 kb upstream of the nuoD9: :TnJOd-Cam insertion (T.E., unpublished data), which'is nearly identical'to the appropriate sequence from E. coli (24) . The nuo genes are transcribed counterclockwise with respect to the genetic map.
nuo Mutants Are Defective in Oxidation of dNADH. The two classes of NADH dehydrogenase can be distinguished by their different substrate specificities. dNADH is a substrate for the type I but not the type II enzyme (9); a nuo mutant of E. coli is'completely defective in dNADH oxidase activity (10) . Assays of NADH oxidation by crude membrane preparations are shown in Table 1 . Although the activity observed with NADH was somewhat variable, in the nuoA and nuoD mutants oxidation of the specific substrate dNADH was decreased 20-to 40-fold compared to wild type. These data confirm the predicted enzymatic defect of the nuo mutants.
Growth of nuo Mutants. The doubling time of nuo mutants in minim'al.glucose is about 60 min (TE5077) compared to 50 min for a wild-type strain (TE2685), and in glucose starvation experiments the final yield (as measured by-absorbance) is only about 10% less than for wild type. Furthermore, the nuo mutants are able to grow on glycerol and lactate as sole carbon and energy sources. Growth on acetate was extremely poor, and this may explain the effect of nuo mutations on proteolysis after carbon starvation, as discussed below.
Energy carbon-starved cells. If so, the loss of p-galactosidase activity seen after carbon starvation should be dependent on continued ATP synthesis via respiration. We tested this prediction by using sodium azide to poison respiration. When sodium azide was added to cultures at intermediate times after the onset of carbon starvation, no further loss of ,B-galactosidase activity occurred (Fig. 4) . Only two energy-dependent proteases are known in E. coli: Lon and ClpP (25) . We isolated a lon insertion mutant of S. typhimurium and tested the effect of the lon mutation on the stability of the HemA-LacZ protein following carbon starvation (Fig. 5) . The initial rate of loss of enzyme activity after carbon starvation was substantially decreased in the lon mutant (Fig. 5 Inset) . In addition, the ,B-galactosidase activity observed in the lon mutant was higher than in the lon+ parent strain at all times. Thus, Lon apparently contributes to degradation of the fusion protein, but an additional protease may also be involved.
DISCUSSION
This study describes the identification of a cluster of genes encoding subunits of the energy-conserving NADH dehydrogenase in S. typhimurium, similar to one previously described in P. denitrificans (3, 11) . The serendipitous discovery of the nuo mutants that are defective in this enzyme occurred by screening for increased expression of ,B-galactosidase in a strain that produces a hybrid HemA We have no information yet on the rate of synthesis or decay of the HemA-LacZ protein during exponential growth. The rate of synthesis is difficult to determine due to the low abundance of the protein, and its stability during exponential growth has not yet been measured. The loss of l3-galactosidase activity after starvation as compared to exponential growth might be caused by either decreased synthesis or increased proteolysis, or both. No loss of activity was seen after carbon starvation when the hybrid protein was expressed from a high copy plasmid (Fig. 1D) ; this result could be reconciled with either mechanism but is simply explained by titration of limiting amounts of a protease.
As discussed elsewhere (28, 29) , hydrolysis of newly formed peptide bonds is substantial in growing cells and presumably functions to recycle abortive products of various translational mishaps. Carbon starvation results in a decrease in protein synthesis and, likely, a lower rate ofrecycling. This might free newly unemployed proteases to attack lower affinity targets. Thus, changes in proteolysis may not require a specific inductive mechanism. Competition among proteolytic substrates also leads to the possibility that for some unstable proteins the effect of a lon mutation is indirect; increased amounts of a Lon-sensitive competitor could affect reactions catalyzed by other proteases.
In addition to nuo mutants, several other classes ofmutants were recovered. These have not yet been identified but some are predicted to be involved in catabolism or energy production based on their growth properties: poor growth on acetate but good growth on glucose or glycerol. Since nuo mutants grow well (except on acetate), the type II NADH dehydrogenase is sufficient for growth (10) . This is perhaps less surprising in view of the fact that rapidly growing organisms such as Bacillus subtilis and Saccharomyces cerevisiae contain only a type II enzyme. Apparently, metabolic adjustments can be made to generate the additional energy normally provided in S. typhimurium by the type I enzyme.
Some questions about the genetic screen remain unanswered. For example, several other hybrid 3-galactosidase proteins that we have tested are also affected by a nuo mutation on indicator plates, but enzyme assays show that the activity is unchanged after carbon starvation in liquid culture and is not affected by a nuo mutation. Also, additional classes of mutants with a similar colony phenotype were recovered, which do not affect the loss of HemA-LacZ 3-galactosidase activity after carbon starvation in liquid medium. The inconsistency between plate phenotypes and enzyme assays may be due to artifacts inherent in the X-Gal method; alternatively, it may reflect the different sensitivities or physiological contexts of the two tests. Regardless of its precise mechanism, a simple screen should be of great value in the genetic analysis of NADH dehydrogenase function.
